tory and metabolic pathways implicated in bacillary growth restriction and antibiotic tolerance under various physiologically relevant conditions. Finally, we pose several clinically important questions, which remain unanswered and will serve to stimulate future research on LTBI.
INTRODUCTION

D
espite intensified efforts, tuberculosis (TB) remains a major global health problem. The World Health Organization (WHO) estimates that in 2007, there were ϳ8.6 million new cases worldwide, up from 8 million in 1997 (1) . TB is responsible for nearly 1.3 million deaths annually, second only to human immunodeficiency virus (HIV) as an infectious cause of death. In the great majority of immunocompetent persons, infection with Mycobacterium tuberculosis is initially contained by host defenses, resulting in latent TB infection (LTBI). However, persons with LTBI can progress to active TB at any time, often many years or even decades after initial infection (2) , thereby serving as a source of new infections. Although identification and treatment of infectious persons are paramount, global TB eradication efforts must also focus on detecting and treating cases of LTBI. According to the Institute of Medicine, "to make significant progress toward the elimination of tuberculosis in the United States, efforts to prevent cases from occurring must be amplified" (3) . Current diagnostic tests do not discriminate between LTBI and active TB, and treatment for LTBI requires prolonged administration of antibiotics (4) . An improved understanding of the host and pathogen mechanisms underlying LTBI may yield novel assays which can identify persons at increased risk for progression to active disease (5) , as well as new drugs to shorten the duration of LTBI treatment (6) .
Latency, Persistence, and Dormancy: Definitions
Although "latency," "persistence," and "dormancy" often are used loosely and even interchangeably in the literature, these terms refer to distinct phenomena which may be phenotypically related. LTBI is defined clinically by a reactive tuberculin skin test (TST), indicating a delayed-type hypersensitivity (DTH) response to intradermal injection of M. tuberculosis-derived purified proteins or a T cell response to M. tuberculosis-specific antigens (Ag), in the absence of clinical and radiographic findings (7) . In general, tubercle bacilli cannot be recovered from sputum or other sites in latently infected persons (8) , indicating a low bacillary burden. Treatment of LTBI requires 9 months of treatment with isoniazid, which inhibits the mycolic acid synthesis pathway required for cell wall synthesis (9, 10), 4 months of treatment with the transcriptional inhibitor rifampin, or 2 months of rifampin and the sterilizing drug pyrazinamide, which is believed to target inactive bacilli residing within an acidic environment (11) , although the last combination regimen is no longer recommended because of increased risk of hepatotoxicity among HIV-seronegative individuals (3) . A recent clinical trial has shown that a once-weekly regimen of rifapentine and isoniazid for just 3 months is as effective as a standard self-administered 9-month daily regimen of isoniazid alone and that it has a significantly higher completion rate (12) .
The term "persistence" has been used in the vernacular sense throughout the scientific literature to describe the ability of M. tuberculosis to persist or survive in host tissues or under various stress conditions. However, the term "persisters" was originally used by Bigger in 1944 to designate a small number of genetically drug-susceptible organisms among a growing population of Staphylococcus species, which could survive prolonged therapy with penicillin (13) . Borrowing this terminology, McDermott defined M. tuberculosis persistence as the "capacity of drug-susceptible organisms to survive drug attack when subsisting in an animal body" (14) . Therefore, in the classical sense, M. tuberculosis persistence is related to antibiotic pressure, while LTBI results from host immune defenses. Nevertheless, these two phenomena appear to be phenotypically related and may reflect similar physiological states of the organism. As in the case of LTBI, persistent bacilli appear to be relatively more susceptible to the sterilizing drugs rifampin and pyrazinamide than to the bactericidal drug isoniazid, as the introduction of rifampin into the anti-TB regimen reduced the duration of TB treatment from 18 months to 9 months, and the addition of pyrazinamide further reduced treatment to the current 6 months (15) . "Bactericidal" drugs (e.g., isoniazid) are those that kill rapidly dividing bacilli. In contrast, "sterilizing" drugs (e.g., rifampin and pyrazinamide) more effectively kill persistent, nonreplicating organisms. Reduced susceptibility to killing by cell wall-active antibiotics, such as isoniazid, is referred to as "antibiotic tolerance" (16) and is a common feature of persistent bacilli and LTBI (17) . This phenomenon, in which the rate of bacterial killing by cell wall synthesis inhibitors is directly proportional to the rate of bacterial replication and metabolic activity (18) , is not unique to mycobacteria and has been described for various other organisms, including Streptococcus pneumoniae, Streptococcus pyogenes, Escherichia coli, and Treponema pallidum (19) (20) (21) .
"Dormancy" is an anthropomorphic term derived from the Latin dormire, meaning "to sleep," and has been used to designate multiple conditions in which the bacteria are viable but exhibit reduced metabolic activity. The term has been most commonly used in the context of an in vitro model of progressive hypoxia, in which M. tuberculosis shuts down metabolism and replication and becomes phenotypically tolerant to isoniazid (20) (see Modeling LTBI below).
Based on the inability to isolate the causative organisms and their relative refractoriness to cell wall synthesis inhibitors, as well as the lack of selection of resistance following monotherapy, LTBI traditionally has been thought to comprise a paucibacillary population of nonreplicating, metabolically quiescent organisms which have entered a "dormant" state as an adaptive response to immune-based containment mechanisms (22) . However, the observation that isoniazid can prevent reactivation disease (23) , albeit after prolonged treatment, indicates that some portion of bacilli are at least sporadically multiplying. Consistent with the hypothesis that bacillary replication continues during LTBI, studies using whole-genome sequencing showed the development of mutations in M. tuberculosis isolated from "latently" infected cynomolgus macaques (24) . However, it is possible that such mutations could have accumulated as a result of oxidative damage in nonreplicating or sporadically dividing bacilli in the absence of any negative selective pressure. Furthermore, two studies by Lillebaek et al. provide compelling evidence from human LTBI that bacillary replication is minimal, as restriction fragment length polymorphism and insertion sequence patterns do not change over decades of latent infection (2, 25) . Similarly, although the number of isolates studied was very small, Colangeli et al. used whole-genome sequencing to show that the mutation rates were not elevated in cases occurring more than 20 years after a TB outbreak relative to those representing recent transmission (361) .
In order to reconcile these conflicting findings, a theory advanced in recent years speculates that LTBI does not refer to a single entity, but rather represents an array of microbiological and immunohistological findings giving rise to a clinical spectrum spanning LTBI and active disease (26) (27) (28) . According to this school of thought, LTBI, like active TB, comprises heterogeneous bacillary populations, including those that are more rapidly or frequently replicating, which consequently are susceptible to killing by isoniazid, and those that are metabolically quiescent, which exhibit tolerance to isoniazid.
The classical paradigm that antibiotic tolerance reflects a small population of metabolically quiescent, nonreplicating "persister" organisms has been challenged by recent work highlighting the importance of efflux pumps in mediating this phenomenon (29) . However, in the absence of direct data from the human condition, the precise physiological and metabolic status of the bacilli in LTBI, as well as the role of efflux pumps in mediating antibiotic tolerance, remains unknown (28) .
Location of Bacilli in LTBI
It was commonly thought that after M. tuberculosis is inhaled into the lower respiratory tract and phagocytosed by alveolar macrophages, the inevitable outcome is chronic infection, leading to the phrase "once infected, always infected" (30) . However, this longheld belief was challenged by a recent study which showed the disappearance of M. tuberculosis-specific Th1-type T cell responses in untreated TST-negative contacts of TB patients during a school outbreak (31) , suggesting that early infection may be eradicated in a minority of individuals. Fewer than 10% of infected persons develop clinically evident primary TB, and the majority are able to contain the primary infection (32) with the induction of cell-mediated immune responses and the formation of granulomas, which consist primarily of lymphocytes and M. tuberculosis-infected macrophages (33, 34) . At 6 to 8 weeks after infection in humans, and coincident with the development of DTH responses to M. tuberculosis antigens, these granulomas undergo necrosis, resulting in the death of the majority of tubercle bacilli and destruction of the surrounding host tissue. The small proportion of bacilli surviving in an altered physiological state have been postulated to result in LTBI (17) . However, despite more than a century of investigation, the precise location(s) of the responsible organisms remains a mystery.
Soon after the discovery of the tubercle bacillus by Robert Koch (35) , autopsy studies of persons who died of non-tuberculousrelated causes revealed the presence of viable bacilli in various postmortem tissues. The findings of such studies gave rise to the still-prevalent belief that the bacilli responsible for LTBI are contained within caseous and necrotic granulomas. Rabinowitsch showed that the chalk-like contents of mesenteric and bronchial lymph node lesions from patients without active TB produced TB in rabbits in four out of five cases (36) . These and similar observations in experimental animal models have led to the theory that spread of M. tuberculosis to the lymphatic system is essential to induce adaptive immunity, which is crucial for the generation of transmissible pathology (37) . Examining 304 lesions from the lungs and lymph nodes of 169 persons, Opie and Aronson found living bacilli in more than a quarter of cases, including in 33% of partially fibrotic caseous lesions, 23% of caseous encapsulated nodules, 20% of calcified nodules, and only 4.4% of caseous calcified nodules (38) . Interestingly, approximately one-quarter of apical fibrous scars showing no gross or histological evidence of TB grew M. tuberculosis, and calcified nodules from lungs with apical lesions produced TB in guinea pigs much more frequently (30.2% of cases) than did calcified nodules from lungs in which the apices appeared normal (8.1% of cases). Consistent with the hypothesis that LTBI may comprise a spectrum of microbiological and histopathological phenomena (26), Robertson found active TB lesions in 4% of 1,725 autopsy cases in whom the diagnosis was not suspected clinically (30) .
In a study of 209 surgically removed lung tissues from 72 patients treated with antituberculous agents, M. tuberculosis growth was detected in 83% of open cavities, 24% of filled-in cavities, and 7% of solid necrotic lesions (39) . Although acid-fast bacilli were found on smears in a high proportion of all types of lesions, the authors noted that bacillary growth was obtained consistently only from open sloughing lesions, leading them to speculate that some populations of bacilli could not be adequately revived using standard culturing techniques. Following up on these findings, Hobby et al. cultured a total of 85 necrotic lesions from 40 patients who had received TB treatment, incubating specimens in liquid cultures for up to 9 months (40). These investigators were able to culture viable tubercle bacilli from 78% of closed necrotic or healed lesions and noted that in 9 of the 25 lesions tested, viability was first detected only after prolonged incubation for more than 9 to 12 weeks. These observations led the authors to conclude that "although in many instances the surviving microbial cells appear to be in a suppressed metabolic state, if such a state exists, it is obviously reversible" (40) . Although the surviving but not readily cultivable organisms from these lesions may be best described as persistent bacilli based on the definitions advanced above, the authors argued that "evidence is lacking to indicate the extent to which chemotherapy may be responsible for this effect," suggesting that this phenomenon may also apply to LTBI (40) .
Autopsy studies of patients who died from non-TB-related causes also have found evidence of viable bacilli in "normal" lung and lymphatic tissue. As early as 1890, Loomis reported that the bronchial lymph nodes from eight of 30 cases with no gross evidence of TB disease contained tubercle bacilli, as demonstrated by the development of TB in rabbits inoculated with homogenized material (41) . Reviewing 357 cases from the literature which were determined to be free of TB at necropsy, Wang found that M. tuberculosis grew in 12% of cases from grossly and histologically normal cervical, bronchial, and mesenteric lymph nodes (42) . In addition to providing some of the earliest pathological evidence for LTBI, these studies also demonstrated the importance of lymphatic spread of bacilli even in the absence of active pulmonary infection. Opie and Aronson injected guinea pigs with normal lung or mediastinal lymph node tissue obtained at a site distant from visible lesions and found that 45% of these tissues grew M. tuberculosis, with the highest incidence in cases containing apical fibrocaseous lesions or fibrous scars (38) . In contrast to the relatively high rate of bacillary recovery from nontuberculous lung tissues reported in this study, Feldman and Baggenstoss were able to demonstrate tubercle bacilli in only two of 50 autopsy specimens from persons with presumed LTBI (43) . Possible explanations for the discrepancy in the findings include the significantly lower prevalence of TB in the latter population (Rochester, MN), as well as the fact that the majority of cases in the latter study showed evidence only of the calcified Ghon complex, which typically does not contain viable bacilli (44) . Lending support to these anatomic pathology studies, Hernández-Pando and colleagues applied molecular techniques to study sections of macroscopically normal lung tissue from 13 individuals from Ethiopia and 34 from Mexico who had died from non-TB-related causes, with sections of lung tissue from six Norwegian individuals and six Ethiopian TB cases serving as negative and positive controls, respectively (45) . In situ PCR and conventional PCR revealed evidence of M. tuberculosis in five of 13 Ethiopian cases and 10 of 34 Mexican cases. Interestingly, PCR-positive cells also included type II pneumocytes, endothelial cells, and fibroblasts. More recently, the same group of investigators used similar techniques to show that M. tuberculosis DNA can be detected in various organs, including lungs, liver, and spleen, of latently infected individuals (46) . In addition, 16S rRNA expression was detected in 10 positive tissue samples, confirming the viability of bacilli at these sites. Using in situ and conventional PCR to study autopsy samples of persons who died from non-TB-related causes, Neyrolles et al. detected M. tuberculosis DNA in adipose tissues surrounding the kidneys, stomach, lymph nodes, heart, and skin of 9/57 Mexican autopsy samples (6/19 individuals) and 8/26 French samples (6/20 individuals) (47) , suggesting that adipocytes also may serve as a haven in which infecting bacilli can avoid killing by antimicrobials and recognition by the host immune system. These findings challenge the common belief that bacilli are confined to macrophages and other professional phagocytic cells during LTBI and reinforce the idea that M. tuberculosis can persist in tissues without histological evidence of TB infection, including at extrapulmonary sites.
MODELING LTBI
In Vitro Models of M. tuberculosis Growth Restriction and Antibiotic Tolerance
Clearly, in vitro models cannot duplicate all of the complex hostpathogen interactions underlying the clinical phenomenon of LTBI. However, several models exhibiting important features of LTBI, including bacillary growth restriction, reduced metabolic activity, and phenotypic tolerance to antituberculous drugs, have been proposed. Nutrient starvation. It has been known for some time that deprivation of essential nutrients, potentially simulating the microenvironment encountered by M. tuberculosis within necrotic granulomas, leads to bacillary growth arrest and reduced metabolism (48). Hobby and Lenert later showed that upon removal of carbon sources of energy from logarithmically growing cultures by washing and resuspending the bacilli in buffered saline, M. tuberculosis growth ceased and the organisms became refractory to killing by isoniazid and para-aminosalicylic acid (49) . More recently, the antibiotic susceptibility profile of nutrient-starved M. tuberculosis was shown to mirror that of LTBI in that the minimum bactericidal concentration (MBC), defined as the minimum concentration required to kill 99% of the starting bacterial population, of rifampin increased from Ͻ0.625 mg/liter to 10 mg/liter, while the MBC of isoniazid increased from Ͻ0.625 mg/liter to 80 mg/liter against log-phase bacilli relative to 6-week-old nutrientstarved cultures, respectively (50) . Consistent with earlier observations, gene and protein expression data derived from nutrientstarved M. tuberculosis revealed evidence of slowing down of the transcription apparatus, energy metabolism, lipid biosynthesis, and cell division, as well as induction of the stringent response (51) .
Progressive hypoxia. Perhaps the best-characterized model of M. tuberculosis dormancy, in which the bacilli are exposed to progressive hypoxia in vitro, which is intended to simulate the microaerobic conditions encountered by bacilli within host necrotic granulomas, was developed by Wayne and Hayes (20) . In the eponymous Wayne model, M. tuberculosis cultures are slowly stirred within sealed containers with a 0.5 ratio of air to culture medium. When the dissolved oxygen content drops below 1%, the organisms enter the microaerobic nonreplicating persistence (NRP) stage 1, characterized by thickening of the outer cell wall and termination of replication and transcription, as evidenced by cessation of uptake of radiolabel from [
3 H]uracil into total RNA and DNA. As the dissolved oxygen drops to below about 0.06% saturation, the bacilli enter NRP stage 2 and show greater refractoriness to isoniazid than to rifampin (20) . Several rounds of synchronous replication of M. tuberculosis result upon dilution of NRP stage 2 cultures into fresh, oxygen-rich medium, simulating reactivation when adverse, growth-restricting conditions are removed. Interestingly, progressive hypoxia renders M. tuberculosis susceptible to metronidazole (20, 52) . Metronidazole was also found to have anti-TB activity in rabbits and nonhuman primates (53, 54) . Although its efficacy in treating LTBI in humans has not been evaluated, a recent clinical trial found no difference in 2-month sputum culture conversion among patients with multidrug-resistant (MDR) TB receiving metronidazole or placebo in addition to optimized background regimens, but those receiving metronidazole had a more than 4-fold increased risk of developing peripheral neuropathy (55) . It remains to be determined whether newer nitroimidazoles with a more favorable toxicity profile will have a role in the treatment of LTBI.
Stresses Simulating the Environment within the Macrophage Phagolysosome
Several in vitro conditions have been used to model the microenvironment encountered by M. tuberculosis residing within the macrophage phagolysosome. Although M. tuberculosis can inhibit maturation of the phagosome and limit its acidification to a pH of ϳ6.2 by excluding vacuolar proton-ATPase in immunologically naive macrophages, this block is relieved and the phagosomal compartment acidifies to a pH of 4.5 to 5.0 in gamma interferon (IFN-␥)-activated macrophages (56) . Importantly, exposure of M. tuberculosis to a pH of Ͻ5.5 in vitro leads to growth arrest (57, 58) and phenotypic tolerance to isoniazid (59) . The in vivo relevance of the acidic pH model of M. tuberculosis dormancy is underscored by the fact that pyrazinamide, which exhibits antituberculous activity only under acidic conditions (60) , is highly active in combination with rifampin for the treatment of LTBI (3) .
Inorganic phosphate limitation may be another important microenvironmental condition within the macrophage phagolysosome (61) . Phosphate limitation restricts M. tuberculosis growth in a dose-dependent manner, and the stringent response is induced in phosphate-starved cultures (62) . Consistent with the hypothesis that phosphate-starved M. tuberculosis is in a nonreplicating state, the MBC of isoniazid was shown to increase from 0.06 g/ml against logarithmically growing cultures to 20 g/ml against 28-day-old phosphate-starved bacilli in the absence of genetic drug resistance (62) .
Multiple-Stress Models
Although experimentally expedient, in vitro models using singlestress conditions cannot accurately represent the multiple stresses thought to be encountered by M. tuberculosis during human LTBI. To this end, a novel in vitro dormancy model involving multiple stresses, including hypoxia (5% O 2 content), high CO 2 (10%), nutrient deprivation (10% Dubos medium), and acidic pH (5.0), was developed (63) . In this model, M. tuberculosis growth is arrested, and the organisms store lipids, lose their acid-fast staining properties, and become phenotypically tolerant to isoniazid to a greater degree than to rifampin. Global gene expression analysis of M. tuberculosis under these conditions revealed induction of stress response genes, accompanied by downregulation of biosynthetic pathways, as well as transcription and translation machineries (63) .
An alternative in vitro model has been developed in which live tubercle bacilli or mycobacterial antigen-coated beads are used to generate granulomas characterized by recruitment of macrophages, their differentiation into multinucleated giant cells and epithelioid cells, and the final recruitment of a ring of activated lymphocytes (64) . In this in vitro granuloma model, M. tuberculosis and other pathogenic mycobacteria that produce oxygenated mycolic acids are capable of forming foamy macrophages, which are unable to kill M. tuberculosis but restrict its growth as evidenced by induction of a genetic program associated with mycobacterial dormancy (65) . However, it is not yet known if the bacilli in this model acquire phenotypic tolerance to bactericidal drugs.
In Vivo Models of M. tuberculosis Growth Restriction and Antibiotic Tolerance
Murine models. Unlike in vitro models of M. tuberculosis growth restriction and antibiotic tolerance, animal models provide the entire repertoire of host immune defenses, which are critical to the establishment of LTBI in humans. The mouse is the best characterized and most extensively used model to study M. tuberculosis pathogenesis ( Fig. 1 shows a histological comparison of tuberculosis in different experimental animals). However, unlike human LTBI, the classical murine model of TB infection is characterized by a high bacillary burden, with progressive lung pathology and early death of the animals (66) . Traditionally, the stable bacillary census in the lungs of mice during the chronic phase of infection has been viewed as a static equilibrium based on evidence that the organisms are in a metabolically quiescent and slowly replicating state (67, 68) . However, a recent study using M. tuberculosis containing an unstable plasmid that is lost at a steady rate from dividing bacilli in the absence of antibiotic selection found that the organisms continue to multiply in the lungs of chronically infected mice (69) , and genome-wide transcriptional profiling of M. tuberculosis revealed that the organisms remain metabolically active during chronic TB in murine lungs (70) . Nevertheless, M. tuberculosis during the chronic phase of infection in mice exhibits antibiotic tolerance in that the bactericidal activity of isoniazid is dramatically reduced when the drug is initiated 42 days after infection relative to initiation of the drug during the acute phase of infection (at day 0 or day 14 after infection) (71) .
McCune and McDermott at Cornell University developed a model of paucibacillary infection in which M. tuberculosis-infected mice are treated with isoniazid and pyrazinamide to induce a culture-negative state, after which bacteriological relapse of "persisters" can be achieved spontaneously following cessation of therapy or by administration of high-dose corticosteroids (72, 73) . Although it is used to study immunological mechanisms involved in LTBI (74, 75) , the so-called "Cornell model" is more accurately described as a model of M. tuberculosis persistence, since low-burden infection is achieved by antibiotic treatment rather than by immune control mechanisms.
A murine model of immune-based M. tuberculosis containment recently was developed, which overcomes the problem of the high lung bacillary load resulting in premature death of infected mice. In this model, mice are immunized with a recombinant BCG strain overexpressing the 30-kDa major secretory protein (76) via the aerosol route and challenged 6 weeks later with virulent M. tuberculosis (77, 78) , leading to a stable lung census of ϳ10 4 bacilli, which approximates the bacillary burden in human LTBI (38) . Perhaps most importantly, this paucibacillary model accurately recapitulates the hierarchy of sterilizing activities of the various drug regimens used to treat human LTBI (78) . Recently, this model has been enhanced by the use of C3Heb/FeJ mice, which develop necrotic lung granulomas, and infection may be reactivated by TNF-␣ neutralization (362) . Of course, this model differs from human LTBI in that prior vaccination is required for immune-based control and establishment of a paucibacillary, asymptomatic infection.
A novel mouse hypoxic granuloma model involving the encapsulation of M. tuberculosis within semidiffusible hollow fibers and their subcutaneous implantation in mice has been proposed (79) . Although the site of infection is not physiological, this model reliably establishes an immune-controlled, paucibacillary infection consisting of nonreplicating, metabolically quiescent organisms with reduced susceptibility to isoniazid relative to rifampin, while the infected animals remain healthy throughout. Interestingly, although the granulomatous tissues in this model stain with the hypoxia-specific probe pimonidazole, the anaerobic drug metronidazole is inactive (80) , suggesting that the oxygen tension in this model is higher than that in NRP stage 2 of the Wayne model of progressive hypoxia (52) . The extracellular localization of M. tuberculosis within hypoxic granulomas is a unique feature of this model (79, 80) , which may simulate that of at least some M. tuberculosis populations during human LTBI (38) .
Guinea pigs and rabbits. Although mouse TB granulomas serve a function similar to that of human TB granulomas in that they contain infection and provide a localized environment for host immune defenses to kill M. tuberculosis, the histopathology of the standard mouse TB model differs significantly from human TB lung pathology. The cellular composition of murine TB granulomas is similar to that of human granulomas, with the exception of the absence of multinucleated giant cells; however, the former lesions are poorly organized and can be best described as a collection of activated and epithelioid macrophages and lymphocytic clusters (81) . In addition to being excessively cellular, mouse TB lesions lack tissue necrosis, which is the pathological hallmark of human TB granulomas (81, 82) , where at least some tubercle bacilli are believed to reside during human LTBI (38) .
Relative to those in mice, granulomas in guinea pigs and rabbits more closely approximate their human counterparts with respect to cellular composition, granuloma architecture, and the presence of caseation necrosis (81) . While TB granulomas in standard mouse models are not hypoxic (83, 84) , tissue hypoxia is observed in those of guinea pigs (53, 85) and rabbits (53) . In addition, the guinea pig model of TB allows for the differentiation between primary granulomas and secondary lesions, which appear to result from hematogenous dissemination (86, 87) . However, like mice, guinea pigs infected with M. tuberculosis develop high-burden disease and succumb to infection (88) , indicating that LTBI is not adequately modeled in this species. Also, despite recent advances (87, 89, 90) , the study of TB immune control mechanisms in the guinea pig model has been complicated by the lack of appropriate reagents.
Mycobacterium bovis infection of rabbits leads to high-burden disease characterized by caseous granulomas, liquefaction of lesions, and cavitation (91) . On the other hand, rabbits are naturally resistant to M. tuberculosis infection, resulting in a paucibacillary population in the lungs of animals at 10 weeks, which can be reactivated with immune-modulating agents (92, 93) . Since prior sensitization can alter disease pathology in the rabbit and different strains of M. tuberculosis cause various spectrums of disease (94, 95) , these parameters may be manipulated to establish a model of latency. Recently, Subbian et al. have described a highly relevant rabbit model of LTBI in which there is spontaneous and complete clearance of lung bacilli and pathological features by 12 weeks after aerosol infection of New Zealand White rabbits with M. tuberculosis CDC1551 (96) . Importantly, these animals appear to establish LTBI rather than tissue sterilization, since reactivation can be achieved by administration of systemic corticosteroids. Validation of this model would require demonstration of the hierarchy of sterilizing activities of the various LTBI regimens in clinical use. As in the case of guinea pigs, immunological reagents for use in rabbits are limited.
Nonhuman primates. The nonhuman primate has been advanced as the model which most accurately reproduces the clinical, histological, and microbiological characteristics of human LTBI (97) (98) (99) . Unlike mouse granulomas, and like those of guinea pigs and rabbits, necrotic granulomas in the nonhuman primate model are hypoxic (53) . Although cynomolgus macaques infected with high doses of M. tuberculosis (10 4 to 10 5 bacilli) develop an acute, rapidly progressive, highly fatal multilobar pneumonia (99) , approximately 40% of such monkeys infected with a low dose (ϳ25 bacilli) of virulent M. tuberculosis via bronchoscope develop a positive tuberculin skin test with no clinical evidence of disease for at least 6 months (97). Unlike monkeys with active disease, manifested by radiographic infiltrates or cavities and a wide spectrum of histological lesions harboring a high bacillary burden, monkeys with latent infection exhibit no abnormalities by chest roentgenogram and only a limited number of small granulomas in the lungs and hilar lymph nodes with central caseation, calcification, and peripheral fibrosis, from which few bacilli can be cultured (97, 100) . Recent studies, however, have highlighted the overlap in histological, immunological, and microbiological features among animals with overt signs of disease ("active TB") and those lacking clinical findings ("LTBI") (101) . Interestingly, M. tuberculosis could be readily cultured by bronchoalveolar lavage in a small proportion of asymptomatic monkeys termed "percolators" (98) , perhaps representing subclinical disease and further reinforcing the concept that latency encompasses a range of different clinical, microbiological, and histopathological phenomena (26, 28) .
Infection with simian immunodeficiency virus (SIV) (102) and simian-human immunodeficiency virus (SHIV) (103) , an HIV-SIV chimera, may be used to model HIV infection and cause reactivation disease. Alternatively, LTBI can be reactivated in macaques using tumor necrosis factor alpha (TNF-␣) neutralization (104) . Although, as in mice, the availability of immunological reagents facilitates the study of latency and reactivation in nonhuman primates, the use of the latter model has been very limited due to its cost and resource-intensive nature.
HOST FACTORS INVOLVED IN LTBI
CD4 T Cells
Among people with latent TB infection, HIV infection is the strongest known risk factor for reactivation disease in humans and is associated with a number of immunological defects, including reductions in CD4 cell levels, impaired T cell proliferation, decreased cytolytic T cell responses, deranged intracellular killing, and reduced cytokine elaboration in response to mycobacterial antigen challenge (Table 1 lists a few important host genes/factors related to LTBI) (105) . Attesting to the importance of CD4 T cells in host defenses during LTBI, the risk of TB reactivation increases dramatically in patients with HIV coinfection, from 5 to 10% per lifetime in immunocompetent hosts to as high as 10% annually in coinfected patients (106) , and the risk of TB reactivation rises as the CD4 cell count declines (107) (108) (109) (110) .
Whether HIV-infected persons are more susceptible to acquisition of M. tuberculosis infection following exposure is unknown; however, rapid progression to active TB is frequently observed in coinfected patients following exposure to TB contacts, which has resulted in numerous outbreaks in institutions such as hospitals, nursing homes, and prisons, as well as in community settings (105) . Molecular analysis revealed that 38% of individuals residing in a long-term care facility for HIV-infected persons in San Francisco developed active pulmonary TB with the same strain of M. tuberculosis within 120 days of exposure to the index case (111) . However, depletion of CD4 T cells is not the only immune defect predisposing HIV-infected individuals to TB disease. A retrospective cohort analysis of over 20,000 mineworkers in South Africa showed that the risk of TB doubled within the first year of HIV infection, prior to any significant reduction in CD4 cell counts (112) . In addition, HIV-infected persons treated with antiretroviral drugs remain at increased risk for TB disease despite elevated CD4 counts and suppressed viral loads (113) . Nevertheless, it is possible that predisposition to active TB in coinfected persons is determined not by total CD4 counts but by the number of M. tuberculosis-specific CD4 T cells. A recent study of 5 women with LTBI from a cohort of commercial sex workers in Tanzania, who were followed before and after HIV seroconversion, found that acute HIV infection was associated with a rapid depletion of M. tuberculosis-specific CD4 T cells (114) .
The role of CD4 T cells in anti-TB immunity has been investigated most extensively in the mouse. Antibody-mediated depletion of CD4 T cells in thymectomized C57BL/6 mice led to a greater than 10-fold increase in bacillary numbers in the spleens of mice 3 weeks after infection (115) . Antibody-mediated depletion of this lymphocyte subset in thymectomized CBA/Ca mice resulted in a significantly increased lung bacillary burden and accelerated animal death relative to those in nondepleted, thymectomized mice and nonthymectomized control mice (116) . Similarly, significantly increased numbers of bacilli were detected in the lungs and spleens of thymectomized C57BL/6 mice treated with anti-CD4 monoclonal antibodies up to day 84 after infection with M. tuberculosis Erdman and Mycobacterium kansasii relative to those in thymectomized control mice (117) . In elegant adoptive transfer experiments, Orme showed that CD4 T cells derived from M. tuberculosis-infected mice having undergone a protracted course of isoniazid chemotherapy were capable of restricting bacillary growth in the spleens of gamma-irradiated mice relative to control mice following intravenous challenge with M. tuberculosis (118) . M. tuberculosis infection of transgenic mice defective in expression of either major histocompatibility complex (MHC) class II or CD4 molecules was associated with significantly increased bacterial numbers in the lungs, liver, and spleen and accelerated animal death relative to those in isogenic wild-type mice (119) . Subsequent studies confirmed the importance of CD4-mediated immunity during subacute TB infection in mice, as wildtype mice were able to restrict bacillary growth and had a median survival time of 259 days, while MHC class II-deficient mice experienced progressive bacillary growth in the lungs and other organs beyond day 20, with a mean survival of 77 days (120) .
In addition to their critical role in controlling M. tuberculosis growth during initial infection, CD4 T cells significantly contribute to restricting bacillary growth and preventing reactivation during the chronic phase of infection in mice. Antibody-mediated depletion of CD4 T cells at 6 months after M. tuberculosis infection in mice led to rapid reactivation of infection, characterized by a marked increase in the organ bacillary burden, increased lung pathology, and decreased survival of mice (121) . CD4 T cell depletion did not result in diminished expression of IFN-␥ and inducible nitric oxide synthase activity, suggesting that the ability of CD4 T cells to prevent reactivation during chronic TB infection may be independent of their roles in IFN-␥ production and macrophage activation. Although infiltration of CD8 T cells into M. tuberculosis-infected lungs and their production of IFN-␥ were similar in CD4
Ϫ/Ϫ and wild-type mice, cytotoxic activity of CD8 T cells was impaired in the lungs of M. tuberculosis-infected CD4 Ϫ/Ϫ mice, perhaps due to reduced lung expression of interleukin-2 (IL-2) and IL-15, which are critical for the development of cytotoxic effector cells (122) .
The role of CD4 T cells in TB immunity has not been investigated directly in guinea pigs due to a lack of transgenic animals and immunological reagents; however, recent studies have used new flow cytometry and immunohistochemistry techniques to track these and other immune cells during the course of M. tuberculosis infection in guinea pigs (123, 124) . Challenging the dogma that delayed-type hypersensitivity due to excessive cell-mediated immunity is responsible for necrosis of TB granulomas (91), Turner et al. found that primary lesion necrosis occurs by day 21 
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after M. tuberculosis infection of guinea pigs, prior to the peak influx of CD4 T cells, likely reflecting the effects of granulocyte degranulation (124) . The number of CD4 T cells in the lungs of M. tuberculosis-infected guinea pigs drops precipitously after day 30 and is accompanied by the influx of B cells, neutrophils, and eosinophils and accelerated worsening of lung pathology (123) . HIV and TB coinfection has been modeled successfully in the nonhuman primate, allowing an assessment of the role of CD4 T cells in controlling M. tuberculosis infection in this model. In rhesus macaques coinfected with M. tuberculosis H37Rv and simian immunodeficiency virus (SIV), high viremia appeared to be a predictor of disseminated TB during 6 months of follow-up (125) . Recently, Diedrich et al. showed that cynomolgus macaques latently infected with M. tuberculosis Erdman uniformly developed microbiological and histopathological evidence of reactivation following infection with the virus strain SIVmac251 and that reactivation was independent of viral load but correlated with depletion of peripheral T cells during acute SIV infection (102) . Thus, monkeys reactivating within 17 weeks after SIV infection had fewer CD4 T cells in the periphery and in bronchoalveolar cells and did not recover from the initial depletion as well as monkeys that reactivated later.
CD4 T cell-based immunity is clearly an integral component of host defenses against M. tuberculosis infection. The precise molecular mechanisms by which these lymphocytes are able to prevent reactivation of LTBI, other than IFN-␥ production and macrophage activation, require further elucidation. In addition, whether depletion of M. tuberculosis-specific CD4 T cells during acute HIV infection is responsible for the elevated risk of TB disease in coinfected individuals (114) and whether peripheral CD4 T cell depletion correlates with depletion of this T cell subset in TB granulomas, as suggested in the nonhuman primate model (102), remain to be determined.
CD8 T Cells
While it is generally accepted that class II MHC-restricted CD4 T cells are essential for immunity to tuberculosis, M. tuberculosis infection also elicits CD8 T cell responses in both humans and experimental animals (126) . Relative to the case for CD4 T cells, clinical data are lacking to definitively implicate CD8 T cells in host control of human LTBI. However, the role of this T cell subset in TB immunity has been investigated in the mouse model. After intravenous infection with 10 6 M. tuberculosis Erdman organisms, mice deficient in the ␤ 2 -microglobulin (␤ 2 m) component of the MHC class I molecule, which fail to develop functional CD8 T cells, exhibited caseous necrosis of lung granulomas, as well as greater numbers of tubercle bacilli in the lungs and markedly reduced survival relative to similarly infected control mice (127) . However, ␤ 2 m is also a component of several other antigen-presenting molecules, including the CD1 family of proteins (128) , which have been shown to present lipid-based mycobacterial antigens to human T cells (129) (130) (131) . In order to directly address this issue, Behar et al. studied the course of M. tuberculosis infection in mice deficient in transporter associated with antigen processing (TAP), which is required for peptide processing by the MHC class I pathway and for positive selection of CD8 T cells in the thymus (132) , and in mice deficient in CD1D, whose expression and recognition by T cells are TAP independent (126, 133) . Consistent with the data from the ␤ 2 m-deficient mouse study (127) , M. tuberculosis infection of TAP1-deficient mice was associated with greater organ bacillary burdens, more severe tissue pathology, and accelerated time to death, whereas CD1D-deficient mice were not more susceptible to infection than control mice (133) . Furthermore, Kamath et al. showed that large numbers of culture filtrate protein 10 (CFP-10)-specific cytolytic CD8 T cells are recruited to the lungs of mice following M. tuberculosis infection (134) . However, other studies have found little or no effect of antibody-mediated depletion of CD8 T cells on organ bacillary burden, tissue pathology, and survival in mice (117, 120) .
The cytotoxic activity of CD8 T cells is dependent on different mechanisms, including apoptosis via the Fas-FasL pathway and killing via perforin and granulysin (135) . The antimicrobial peptide granulysin released by human CD8 T cells has been shown to lead to killing of intracellular mycobacteria (135) . It has been postulated that the relative unimportance of CD8 T cells in control of M. tuberculosis infection in mice (120) may be partially attributable to the absence of an analog of granulysin in this species (136) . In addition to their cytolytic function, CD8 T cells also have cytokine-producing functions, which are predicted to play an important role in protective immune responses to M. tuberculosis infection by mathematical models based on published and unpublished data (136) . Thus, M. tuberculosis-specific CD8 T cells are involved in the production of the proinflammatory cytokines IFN-␥ and TNF-␣ (137, 138) , which appear to be critical for control of M. tuberculosis infection and will be discussed further below.
TNF-␣
Following the widespread use of TNF-␣ antagonists for the treatment of rheumatoid arthritis and other inflammatory conditions, a relationship was observed between the use of these agents and the development of granulomatous infections (139) . Pulmonary and extrapulmonary TB was reported with significantly increased frequency among patients soon after initiation of treatment with the humanized mouse anti-TNF-␣ monoclonal antibody infliximab (140) . Subsequently, an elevated risk of TB was found in patients treated with etanercept, which is a fusion of the extracellular portions of two human p75 TNF receptors linked to the Fc domains of human IgG1 (141) . Since 44% of infliximab-related TB cases occurred within 90 days of treatment initiation, while only 10% of etanercept-related cases occurred during the same time period (142) , it was suggested that the former cases may represent reactivation of LTBI, whereas the latter may have occurred as a result of the inability to control new infection (143) . The rates of tuberculosis (TB) due to infliximab and etanercept use in the United States were reported to be 54 and 28 cases per 100,000 treated patients, respectively. A recent study controlling for potential differences in TB risk factors among patients showed that the risk of TB is higher for patients receiving the monoclonal antibodies infliximab and adalimumab than for patients receiving soluble-receptor anti-TNF-␣ therapy (144) . In addition to helping to elucidate the basic biology of TNF-␣, these clinical observations provide compelling evidence that TNF-␣ is critical for control of M. tuberculosis infection in humans.
TNF-␣ is produced by macrophages, dendritic cells, and T cells, as a transmembrane protein which is arranged in stable homotrimers that are cleaved to yield the soluble form (145) . TNF-␣ binds to the cell surface receptors TNFR1 and TNFR2, which can signal through antiapoptotic and proinflammatory pathways (146, 147) , and contributes to anti-TB immunity through a variety of mechanisms, including secretion of chemokines (148) , upregulation of adhesion molecules (149) , and induction of macrophage apoptosis (150) . Treatment with anti-TNF-␣ monoclonal antibodies has been shown to inhibit IFN-␥-induced maturation of M. tuberculosis-containing phagosomes in human macrophages (151) and CD4 T cell activation and IFN-␥ production in whole blood cultures (152) , as well as to stimulate apoptosis of key immune cells, including monocytes, CD4 T helper cells, and M. tuberculosis-reactive CD8 T cells (145, 153) . Mouse models of TB infection have confirmed the importance of TNF-␣ in macrophage activation and identified additional roles for this key proinflammatory cytokine, including immune cell recruitment to the site of infection and granuloma formation, as well as maintenance of the structural integrity of the granuloma (81) . Mice deficient in TNF-␣ are unable to control M. tuberculosis multiplication, leading to poorly formed granulomas with necrosis, widespread dissemination, and death within 28 to 35 days after infection (154) . Fulminant TB characterized by high bacillary loads and early death also was observed in M. tuberculosis-infected mice containing a disruption in the gene for the 55-kDa TNF-␣ receptor (155) . Similarly, monoclonal antibody-mediated (155) or receptor-mediated (156) depletion of TNF-␣ in acutely infected mice yielded a high bacillary burden in the lungs, greater dissemination of disease, and accelerated animal death. Continued growth of M. tuberculosis in acutely infected mice lacking TNF-␣ appears to be due to delayed activation of macrophages (155) and inadequate granuloma formation as a result of altered chemokine expression by CD11b ϩ cells (157) and deficient immune cell recruitment (154) . Both T cell-derived TNF-␣ and macrophage-derived TNF-␣ appear to play distinct roles in orchestrating the protective inflammatory response and enhancing mouse survival during acute infection with M. tuberculosis (158) .
In addition to its role in granuloma formation, TNF-␣ is also important for maintenance of granuloma structure during chronic infection in mice. Monoclonal antibody-mediated neutralization of TNF-␣ beginning 6 months after intravenous infection with M. tuberculosis Erdman in a low-dose chronic TB murine model led to accelerated death of animals relative to control mice receiving rat IgG (159) . Since mice depleted of TNF-␣ in this study showed a modest 10-fold increase of lung bacillary load at the time of death, their early demise was attributed to marked histopathological deterioration manifesting as increased cellularity, squamous metaplasia, and disorganization of granulomas. In a subsequent study, the same group of investigators used laser capture microdissection to study gene expression of lung lesions within 1 week after TNF-␣ neutralization, when lung bacterial burdens were equivalent in the experimental and control groups, and found enhanced expression of genes encoding the proinflammatory cytokines IFN-␥ and IL-12p40, as well as those encoding the chemokines CCR6 and CCL20 in the experimental group (160). They speculated that altered chemokine expression may have led to B cell mistrafficking and the observed dissolution of B lymphocyte aggregates (160) , which appear to be required for optimal control of M. tuberculosis infection (161) . Additional studies have confirmed the importance of TNF-␣ in controlling paucibacillary infection and preventing reactivation. Following treatment with antituberculous drugs to reduce the lung bacillary load to undetectable levels, TNF-␣-deficient mice developed reactivation of infection with high bacillary loads in the lungs, spleen, and liver, and animals died within 13 to 18 weeks (162). These findings were accompanied by diminished recruitment and activation of T cells and macrophages into the lung, with defective granuloma formation and reduced inducible NO synthase expression.
In order to investigate the differential propensity for TB disease among patients receiving various TNF-␣ antagonists, Plessner et al. studied the effects of a monoclonal anti-TNF-␣ antibody and the soluble TNFR fusion molecule etanercept in a mouse model of chronic TB (163) . Although systemic TNF-␣ neutralization was equivalent between these two molecules and treatment with each beginning on the day prior to infection resulted in the death of mice within a month, administration of the receptor fusion molecule during the chronic phase of infection was associated with mycobacterial control, whereas chronically infected mice receiving the monoclonal antibody experienced a 10-fold increase in lung bacillary burden and succumbed to infection within a month. The discrepancy in phenotypes between mice treated with these molecules was attributed to decreased penetration into the granulomas by the receptor fusion molecule compared with the monoclonal antibody (163) . The differential risk of TB among patients receiving different TNF-␣ antagonists has also been attributed to differential induction of target cell death, differential TNF-␣ receptor signaling, and differential net inhibition of TNF-␣ bioavailability (164) . Studies in other animal models have further elucidated the role of TNF-␣ in controlling M. tuberculosis infection, in some cases corroborating and in other cases challenging observations in the mouse model. TNF-␣ was found to be important for control of M. tuberculosis replication in guinea pig alveolar and peritoneal macrophages, and exposure of resident macrophages to recombinant guinea pig TNF-␣ was associated with enhanced expression of the gene encoding IL-12p40 (165) . The proinflammatory cytokine IL-12 has been shown to be crucial to the development of protective immunity against TB in the mouse model (166, 167) and has been used successfully as an adjuvant to standard antituberculous therapy to treat human TB (168) . Further confirming the role of TNF-␣ in activation of a Th1-type response in guinea pigs, TNF-␣ neutralization of cultures of immune T cells and macrophages obtained from M. bovis BCG-vaccinated guinea pigs was associated with significant downregulation of IL-12p40 and IFN-␥ mRNA expression, reduced antigen-induced lymphoproliferation, and enhanced intracellular viability of both attenuated and virulent M. tuberculosis strains (169) . Using a guinea pig model of tuberculous pleuritis, Ly et al. showed that TNF-␣ neutralization resulted in increased cell-associated bacillary loads, which was accompanied by the absence of necrosis in pleural granulomas, a significant reduction in the proportion of macrophages in the effusions, and an accelerated transition to an anti-inflammatory cytokine response in pleural granulomas relative to the case for control animals (89) .
Relative to more resistant outbred rabbits, susceptible inbred rabbits, which show reduced DTH responses and greater bacillary loads per pulmonary tubercle following M. tuberculosis infection, may be deficient in TNF-␣, as purified thioglycolate-elicited peritoneal macrophages from these animals show reduced production of TNF-␣ in response to stimulation with lipopolysaccharide and M. tuberculosis infection (170).
Lin et al. showed that TNF-␣ neutralization of acutely infected cynomolgus macaques led to uncontrolled pulmonary and disseminated disease by 8 weeks after M. tuberculosis infection, and similar treatment of latently infected macaques resulted in a high rate of reactivation disease (104) . Interestingly, although monkeys treated with TNF-␣-neutralizing agents developed miliary disease characterized by increased bacillary burden and multiple organ involvement, the cellular composition of granulomas and their overall architecture were preserved when TNF-␣ was neutralized during both primary infection and latent infection. Relative to control monkeys with latent infection and control monkeys with active infection, anti-TNF-␣-treated monkeys showed increased expression of IL-12p40 in hilar lymph nodes and significantly reduced expression of CCL4 in lung tissues (104) . The finding that early granuloma formation is independent of TNF-␣ signaling is consistent with data from the zebrafish model of Mycobacterium marinum infection, in which normal granulomas formed in the absence of TNF-␣ despite increased bacterial growth (171) .
The preponderance of evidence indicates that TNF-␣ is important for maintenance of LTBI and prevention of reactivation disease. Although production of TNF-␣ is generally considered beneficial to the host response, overexpression of this cytokine has been shown to yield severe inflammation in the lungs and spleen and earlier death of Mycobacterium bovis BCG-infected mice (172) . In addition, TNF-␣ appears to modulate the immunopathological benefit conferred by M. bovis BCG vaccination following infection with virulent M. tuberculosis in guinea pigs (146) . Thus, M. bovis BCG-vaccinated guinea pigs treated with anti-TNF-␣ antibodies developed splenomegaly following aerosol infection with M. tuberculosis, and antigen-specific lymphoproliferation was observed in splenocyte cultures from these animals upon TNF-␣ neutralization (173) . Therefore, it appears that expression of this cytokine must be tightly regulated during M. tuberculosis infection in order to effect bacillary killing while minimizing tissue destruction (81) . Consistent with this hypothesis, high levels of TNF-␣ were associated with clinical deterioration as evidenced by a statistically significant decrease in mean Karnofsky score shortly after initiation of antituberculous therapy in TB patients (174) . However, the precise mechanisms by which TNF-␣ contributes to control of M. tuberculosis infection in humans remain unclear.
In contrast to the mouse data and consistent with the nonhuman primate data, human cases of extrapulmonary and disseminated TB following TNF-␣ blockade generally exhibit intact granulomas on biopsy of affected tissues (140, 175) . However, it is still possible that TNF-␣ may have some role in the localization of immune cells and their interactions within the granuloma, rather than in the overall granuloma structure, and disseminated disease may result from TNF-␣ neutralization because of dysregulation of critical cytokines and chemotactic factors (104) . A computational model simulating the pleiotropic functions attributed to TNF-␣ in the TB granuloma predicted that the key effector mechanisms for controlling mycobacterial growth are macrophage activation and stimulation of cytokine production (176) . In this model, when bacterial numbers were held steady, the granuloma structure was found to be essentially unaffected in the absence of TNF-␣, leading the authors to conclude that increased bacterial numbers resulting from loss of TNF-␣ are the main driver of aberrant granuloma formation. Recently, a novel two-compartment mathematical model predicted that TNF-␣ is a major mediator of phagocyte recruitment to the lungs but that it does not influence the total number of classically activated and alternatively activated macrophages in the lung (177) . While useful, the predictions of such computational models require experimental verification. Improved characterization of the role of TNF-␣ in promoting LTBI is expected to accompany continued clinical experience with TNF-␣ antagonists, as well as ongoing research efforts using the nonhuman primate and other animal models of paucibacillary infection.
IFN-␥
Although robust data are lacking, the protective role of the IFN-␥ pathway against mycobacterial infection in humans is supported by several studies. Children bearing mutations in the gene for IFN-␥ receptor 1, leading to absence of receptors on cell surfaces and a functional defect in TNF-␣ upregulation by macrophages in response to IFN-␥, were found to develop severe infections by nonpathogenic mycobacteria (178) . Humans latently infected with M. tuberculosis were shown to have up to 15-fold-higher proportions of IFN-␥ ϩ IL-2 ϩ and IFN-␥ ϩ CD4 T cells with effector and central memory phenotype than subjects with active TB, in whom multifunctional (IFN-␥ ϩ IL-2 ϩ TNF-␣ ϩ ) CD4 T cells with primarily effector phenotype predominated (179) , suggesting that IFN-␥ plays an important role in human LTBI.
IFN-␥ appears to be the most important cytokine for control of M. tuberculosis infection in mice. Thus, IFN-␥ gene knockout mice infected intravenously or via aerosol with a sublethal inoculum of M. tuberculosis Erdman developed severe tissue destruction and necrosis associated with widespread bacillary dissemination, very high bacillary burdens in the organs, and a fulminant clinical course (180) . Similarly, Flynn et al. showed that although IFN-␥-deficient mice could develop granulomas, they were unable to restrict bacillary growth following intravenous infection with virulent M. tuberculosis, exhibiting severe tissue necrosis and accelerated mortality, which could be delayed but not prevented by treatment with exogenous recombinant IFN-␥ (181). Using a variant of the Cornell model to first achieve a paucibacillary infection, Scanga et al. showed that subsequent neutralization of IFN-␥ induced a slow but sustained increase in the number of bacilli in the lungs, supporting a role for this cytokine in the maintenance of latent infection (75) .
Early studies revealed that IFN-␥ knockout mice had undetectable or very low expression levels of the inducible nitric oxic synthase (iNOS/NOS2) gene in spleens, as well as greatly diminished serum levels of reactive nitrogen intermediates (RNI) relative to those in isogenic wild-type mice following M. tuberculosis infection (181) . Confirming the importance of RNI in host resistance against M. tuberculosis, subsequent studies revealed that treatment of mice with the iNOS inhibitor aminoguanidine during the acute phase of infection resulted in increased tissue bacillary burdens and histopathology, as well as accelerated mortality (182) . Furthermore, NOS2
Ϫ/Ϫ mice behaved similarly to wild-type mice treated with systemic glucocorticoids during acute M. tuberculosis infection vis-à-vis organ bacillary burdens and time to death, and administration of a NOS2-specific inhibitor during the chronic phase of infection led to increased lung bacillary counts and reduced survival (183) . In another study, mice which were infected with a relatively low inoculum of M. tuberculosis to mimic latent infection and then treated with aminoguanidine at 6 months postinfection were found to develop reactivation, as manifested by hepatosplenomegaly, intense tissue granulomatous reaction, and increased organ bacillary load (74) . In the same study, mice receiving isoniazid and pyrazinamide for 4 weeks to yield a paucibacillary infection also had increasing bacillary counts in the lungs, liver, and spleen upon subsequent treatment with aminoguani-dine. However, M. tuberculosis infection could not be reactivated in another modified Cornell model despite treatment with the NOS2-specific inhibitor L-N6-(1-iminoethyl)lysine for 210 days (75) .
Interestingly, Flynn et al. found that iNOS expression in the livers of latently infected mice started to decrease 6 weeks after treatment with aminoguanidine despite regression of hepatic granulomatous lesions (74) , suggesting that RNI-independent mechanisms may contribute to the prevention of tuberculous reactivation. Subsequent studies showed that control of virulent M. tuberculosis growth in the lungs and mouse survival were significantly greater in NOS2 Ϫ/Ϫ mice than in those lacking IFN-␥, IFN-␥R1, or the IFN-␥R signaling protein STAT-1 (184), again indicating the existence of IFN-␥-dependent, NOS2-independent immunity against TB. In the same study, MacMicking et al. found that mice lacking the IFN-␥-responsive 47-kDa GTPase LRG-47 failed to control M. tuberculosis replication in the tissues, leading to significantly reduced survival of these mice relative to wild-type mice, despite intact NOS2 activity in the mutant mice. The enhanced TB susceptibility of Lrg-47 Ϫ/Ϫ mice was attributed to defective bacillary killing in IFN-␥-activated macrophages as a result of reduced recruitment of H ϩ V-ATPase pumps to M. tuberculosis-containing phagosomes, resulting in impaired acidification and maturation of these organelles (184) . More recently, it was shown that certain members of the 65-kDa guanylate-binding protein (Gbp) family, which is part of the IFN-␥-inducible GTPase superfamily, are required for control of M. bovis BCG infection in mice by inducing host defense proteins, including the phagocyte oxidase, antimicrobial peptides, and autophagy effectors, to kill intracellular bacteria (185) .
IL-12
Since IL-12 is important in promoting the emergence of Th1, IFN-␥-producing T cells, the role of this cytokine in resistance to M. tuberculosis infection has been investigated. Early studies showed that administration of exogenous IL-12 enhanced resistance of mice to intravenous infection with virulent M. tuberculosis in a dose-dependent manner, which was associated with greater splenocyte production of IFN-␥ upon stimulation with mycobacterial antigens than that of splenocytes from control infected animals, while treatment of mice with neutralizing monoclonal anti-IL-12 antibody led to increased bacillary numbers in the organs, as well as diffuse, poorly formed granulomas (186) . Since IL-12 is a heterodimeric cytokine made up of two disulfide-linked subunits (p35 and p40) (187) , subsequent studies focused on characterizing the role of each of these units in IL-12 protective responses. Mice deficient in the p35 subunit of IL-12 (IL-12p35 Ϫ/Ϫ ), which are able to produce endogenous IL-12p40, cleared M. bovis BCG infection and retained Ag-specific specific Th1 and cytotoxic T cell responses, as well as the ability to form protective granulomas, whereas IL-12p35 Ϫ/Ϫ p40 Ϫ/Ϫ mice were unable to control such infection and exhibited accelerated mortality following M. tuberculosis infection (188) . Similarly, mice lacking the p40 subunit of IL-12 were unable to control M. tuberculosis growth, exhibiting reduced production of IFN-␥ (166, 189) and increased mortality (189) relative to control mice, while mice lacking the p35 subunit showed only a modest defect in bacillary growth control with an intact ability to generate Ag-specific IFN-␥ responses and prolonged survival relative of infected p40-deficient mice (189) . This cytokine is composed of the IL-12 p40 subunit and a p19 subunit.
More recently, IL-12p40-deficient mice were found to have impaired migration of dendritic cells from the lungs to the draining lymph nodes following M. tuberculosis infection, resulting in reduced activation of naive T cells, and treatment of IL-12p40-deficient dendritic cells with IL-12p40 homodimer restored M. tuberculosis-induced migration of these cells, as well as their ability to activate naive T cells (190) .
Th17 Cells and T Regulatory Cells
Th17 cells have been reported to contribute to the adaptive immune response to M. tuberculosis in exposed persons and in patients with tuberculosis (191) . Moreover, T regulatory (Treg) cells can modulate Th17 responses even in patients with latent infection (192) . Superior Ag-specific responses and enhanced control of M. tuberculosis multiplication observed in p35 gene-disrupted mice relative to p40 gene-disrupted mice (189) have suggested that the p40 subunit may act other than as a component of IL-12. A candidate molecule capable of driving the protective responses in the p35 gene-disrupted mice is the novel cytokine interleukin-23 (IL-23). IL-23 is a heterodimeric cytokine consisting of p40 and p19 (IL-23 alpha subunit). In conjunction with IL-6 and transforming growth factor-␤1 (TGF-␤1), IL-23 stimulates naive CD4 T cells to differentiate into a novel subset of cells called Th17 cells, which produce IL-17, a proinflammatory cytokine that enhances T cell priming and stimulates the production of proinflammatory molecules such as IL-1, IL-6, TNF-␣, NOS-2, and chemokines, resulting in inflammation (193) (194) . This new pathway has been shown to play a critical role in both the development of autoimmune diseases and protection against infections (192) . A study from India revealed an association between LTBI, as defined by asymptomatic tuberculin skin test positivity, and decreased levels of IL-23 and IL-17 (192) . IL-23 was found to be essential for protection of ESAT-6 peptide-vaccinated mice against aerosol challenge with M. tuberculosis and for establishment of an IL-17-producing CD4
ϩ T cell population in the lung (195) . While Th17 cells, unlike Th1 cells, do not appear to be required for protection following primary M. tuberculosis infection in animal models, cross-regulation between these responses may be important for determining immunopathology (196) .
Recently, T regulatory (Treg) populations, which suppress a variety of immune responses, have received significant attention (197) . Treg cells mostly share the CD4 ϩ CD25 ϩ phenotype but can also be CD25 Ϫ or CD8 ϩ . A more general feature is expression of the transcriptional regulator forkhead box P3 (FoxP3) (198) . The number of CD4 ϩ CD25 ϩ FoxP3 ϩ Treg cells was found to be increased in the blood or at the site of infection in patients with active TB relative to healthy control subjects, and FoxP3 expression was increased in patients with extrapulmonary TB compared with patients with purely pulmonary TB (199) . Moreover, the frequency of CD4 ϩ CD25 ϩ FoxP3 ϩ T lymphocytes was inversely correlated with local M. tuberculosis-specific immunity, and both blood and pleural Treg cells were able to suppress IFN-␥ and IL-10 production in TB patients (200) , thus possibly contributing to TB pathogenesis (199, 200) . Expansion of the Treg cell population has been postulated to predispose to or be a marker of the progression of LTBI to active disease (201) . Consistent with this hypothesis, ex vivo depletion of CD4 ϩ CD25 ϩ cells from peripheral blood mononuclear cells (PBMCs) resulted in increased numbers of M. tuberculosis antigen-specific IFN-␥-producing T cells in seven of eight patients with active TB (199) . Depletion of CD25 ϩ cells re-duced lung and spleen bacillary loads and granuloma formation in M. tuberculosis-infected mice during acute infection but not during the later stage of infection (202) . The precise role of B cells in controlling TB infection remains to be determined. Ectopic follicle-like B cell aggregate formation, which is commonly observed in the lungs of patients with TB, has been suggested to be associated with containment of M. tuberculosis infection, perhaps through induction of antigen-specific IL-17 responses (203) . However, B cell deficiency does not lead to enhanced susceptibility to M. tuberculosis infection in mice (204) .
MICROBIAL FACTORS INVOLVED IN LTBI Lipid and Energy Metabolism
Early studies demonstrated that tubercle bacilli grown in animals are metabolically distinct from those grown in vitro (Table 2 lists a few important M. tuberculosis genes related to LTBI) (205) . Lipids have long been thought to play a key role in TB pathogenesis. M. tuberculosis preferentially utilizes fatty acids as a carbon and energy source for prolonged survival in the murine model of infection (205) . The M. tuberculosis genome contains a large number of duplicated genes annotated as encoding ␤-oxidation enzymes, allowing the organism to catabolize a wide range of fatty acids through successive rounds of ␤-oxidation. Even-number-chain fatty acids are degraded to acetyl coenzyme A (AcCoA), and oddnumber-chain fatty acids are degraded to both AcCoA and propionyl coenzyme A (PropCoA) (206) .
Bacillary lipid accumulation has been linked to M. tuberculosis survival in the host and phenotypic tolerance to antibiotics. For example, a mutant deficient in triacylglycerol synthase1 (encoded by tgs1) showed impaired ability to accumulate triacylglycerol and reduced antibiotic tolerance, while complementation of the gene restored antibiotic tolerance (63) . Pandey and Sassetti identified a mycobacterial gene cluster, mce4, which is specifically required for bacillary survival during chronic murine infection (207) . Furthermore, they showed that mce4 encodes a cholesterol import system that enables M. tuberculosis to derive both carbon and energy from this ubiquitous component of host membranes (207) . pcaA, a novel member of a family of cyclopropane synthetases, is necessary for chronic M. tuberculosis infection in mice (208) , thus defining a role for cyclopropanated lipids in bacillary survival in vivo.
In addition to lipid metabolism, other metabolic pathways have been associated with long-term survival of M. tuberculosis in the host. These include dlaT (encoding dihydrolipoamide acyltransferase, a subunit of the pyruvate dehydrogenase complex) (209) , menA, which is involved in menaquinone biosynthesis required for ATP (210) , and cydC, which encodes a transporter for cytochrome bd assembly required for energy production during hypoxia and in vivo infection (211) . Conditional depletion of the core proteasome subunits PrcB and PrcA impaired growth of M. tuberculosis in vitro, rendered bacilli more susceptible to nitric oxide, and impaired bacillary long-term survival during chronic infection in mice (212) .
Glyoxylate shunt and gluconeogenesis. M. tuberculosis utilizes two pathways, namely, the glyoxylate shunt and gluconeogenesis, for assimilating AcCoA and PropCoA from fatty acid and choles- (243) terol catabolism. The glyoxylate shunt comprises the sequential activities of isocitrate lyase (Icl) and malate synthase (GlcB). Expression of the icl gene is significantly upregulated during the chronic phase of infection in mice (213) , when bacillary growth appears to be restricted. Consistent with an important role for the glyoxylate shunt in the long-term survival of M. tuberculosis in host tissues, an icl-deficient mutant was shown to have a survival defect during the chronic phase of infection in the lungs of immunocompetent mice despite being dispensable for growth during the acute phase of infection (213) . Interestingly, the virulence of the icl-deficient mutant was restored in IFN-␥ knockout mice, and the mutant was markedly attenuated for survival in activated but not resting macrophages. Taken together, these data indicate that the glyoxylate shunt is critical for long-term bacillary survival in infected host tissues but that the requirement for this pathway is partially dependent on the immune status of the host. An essential role for gluconeogenesis in mycobacterial metabolism in vivo has been confirmed by studies showing that disruption of pckA (214) , which encodes phosphoenolpyruvate carboxykinase, in virulent Mycobacterium bovis (215) or the vaccine strain M. bovis bacillus Calmette-Guérin (216) , resulted in reduced virulence in animal models of infection. Expression of the M. tuberculosis genes pckA and glpX, the latter of which encodes fructose 1,6-bisphosphatase, (215) (216) (217) (218) , was found to be upregulated in the lungs of chronically infected mice (216) . Observations such as these have led to the concept that M. tuberculosis switches its carbon source from carbohydrates to fatty acids during the chronic phase of infection (219) . Recent results have suggested the novel view that the metabolic adaptations of M. tuberculosis during in vivo infection reflect an adaptive response rather than a response to altered nutrient availability (206, 214-216, 220, 221) .
FadE28 expression and hypervirulence. M. tuberculosis fadE28 encodes acyl coenzyme A (acyl-CoA) dehydrogenase, which participates in the first step of ␤-oxidation (222) . It has been postulated that the reported hypervirulence of certain strains may be attributable to upregulation of the fadE28 gene, as increased efficiency of ␤-oxidation may be important for survival within the macrophage phagolysosome, in which fatty acids may serve as the primary carbon source (223) . The fadE28 gene, together with its adjacent genes, may also be critical in the process of lipid modification that could facilitate parasitism in human macrophages (223) .
whiB-like genes. The Wbl family represents an important group of M. tuberculosis proteins, of which WhiB3 represents the prevailing paradigm. WhiB3 is an intracellular redox sensor comprising a 4Fe-4S cluster, which specifically reacts with O 2 and NO and other exogenous and endogenous metabolic signals to maintain redox balance (224) . As a physiological regulator of lipid anabolism, WhiB3 differentially modulates the assimilation of propionate into complex polyketides under defined oxidizing and reducing conditions (225) . WhiB3 interacts with the principal sigma factor SigA to affect host survival but is dispensable for in vivo growth of M. tuberculosis (226) . In addition, WhiB3 may function as a transcriptional regulator, binding to the promoters of the genes pks2 and pks3 (225) . Its expression is induced at 2 weeks postinfection in wild-type and immunodeficient mice and is inversely correlated with bacterial density (227) .
Although nonessential for in vivo growth (226), WhiB3 may play an important role in sensing reductive stress generated by host lipid catabolism, controlling the biosynthesis of virulence polyketides and storage lipids necessary for achieving redox balance, and modulating host innate immunity (228) . Interestingly, the latter study reported a link between WhiB3 modulation of lipid anabolism and the DosR-DosS-DosT signaling pathway, which is implicated in the M. tuberculosis dormancy response to progressive hypoxia (see below) (228) .
A recent study reported that the transcriptional regulator WhiB5 is involved in metabolic adaptation during starvation and is required for normal growth and survival of M. tuberculosis in the lungs of BALB/c mice (229) . Interestingly, mice infected with the whiB5-deficient mutant showed larger lung granulomas with more IFN-␥ ϩ cells and fewer IL-10 ϩ cells than in wild-type-infected mice, implicating WhiB5 in immunomodulation. In addition, reactivation of chronic TB infection in mice with systemic corticosteroids could not be achieved in the absence of WhiB5 (229) . Global gene expression analysis identified 58 genes whose expression is WhiB5 dependent, including sigM, encoding an alternative sigma factor, and genes encoding the constituents of two type VII secretion systems, ESX-2 and ESX-4.
The Adaptive Response to Hypoxia
dosR-dosS-dosT. The M. tuberculosis two-component system DosR-DosS (also called DevR-DevS) has received significant attention over the last decade as a key regulatory mechanism underlying M. tuberculosis dormancy. The histidine kinases DosS (DevS) and DosT phosphorylate and activate the cognate response regulator DosR in M. tuberculosis (230) (231) (232) . Originally found to be induced by exposure of M. tuberculosis to progressive hypoxia, the dormancy survival regulator (DosR) regulon (233, 234) comprises 48 genes, including several believed to play an important role in M. tuberculosis adaptation to hypoxic stress, as well as energy acquisition from alternative carbon sources, such as fatty acid metabolism, and nitrate reductase genes. Thus, the DosR regulon includes the heat shock protein gene acr (hspX), narX, narK2, and fdxA (nitrate accumulation and alternative electron transport), nrdZ (deoxynucleoside triphosphate [dNTP] synthesis under microaerobic conditions), tgs1 (triglyceride synthase), and six M. tuberculosis orthologs of the universal stress protein family (resistance to DNA damage). Several DosR regulon genes are required for bacillary survival in animal models of TB infection containing tissue hypoxia (80) . In support of a global regulatory role for DosR, the DosR-dependent regulon is also induced in response to other growth-limiting conditions, including nitric oxide (234), carbon monoxide (235), ascorbic acid (236), macrophage infection (237), and during the acute (79) and chronic (238) phases of infection in mice (234). Taneja et al. attributed ascorbic acid induction of DosR regulon to oxygen scavenging and creation of a hypoxic environment (236), while Honaker et al. demonstrated that it specifically induced the regulon via its reductive effect on the electron transport system, not in an artifactual manner through reaction with available oxygen (239) . A second transcriptional program, named the enduring hypoxia response, was shown to be induced in long-term hypoxic cultures (231, 240) . Expression of this set of ϳ230 genes, which include the alternative sigma factor genes sigE and sigH (232) , is DosR independent.
The DosR regulon appears to be essential for M. tuberculosis survival during progressive hypoxia by shifting metabolism away from aerobic respiration and maintaining energy levels and redox balance (241) . Recently, Trauner et al. used microfluidic, pro-teomic, and ribosomal profiling techniques to show that the DosR-regulated protein ribosome-associated factor under hypoxia (RafH) promotes mycobacterial survival during hypoxia by stabilizing ribosomes in the associated form (70S) (242) . Interestingly, phenotypes of dosS-dosR-deficient mutants have been varied in animal models. Thus, Parish et al. found that SCID mice infected intravenously with a dosR-dosS deletion mutant died more rapidly than mice infected with wild-type bacteria (243) . Similarly, DBA2 mice infected with a dosR-dosS-deficient mutant had higher levels of bacteria in their organs at 15, 30, and 45 days after aerosol infection (231, 244) . In a separate study, a dosR-dosS deletion mutant exhibited a growth defect in C57BL/6 mice and guinea pigs and did not replicate more than the wild type in the lungs of rabbits (245) . In the latter study, the same mutant was found to have survival equivalent to that of the isogenic wild-type strain in an extracellular, hypoxic granuloma model in mice. Taken together, these data suggest that the dosR and dosS genes are required for wild-type growth and long-term survival in host tissues and that differences in phenotypes may be attributable to differences in the mutant strains and animal models used.
The Stringent Response
When microorganisms encounter an environment with limited nutrients or other stress-related stimuli, they enter a dramatically slowed growth state characterized by a decrease in rRNA, tRNA, and protein syntheses, modified RNA polymerase activities, diminished activity of many transport systems, and decreased carbohydrate, amino acid, and phospholipid metabolism. This is known as the stringent response, and it is mediated by the rapid accumulation of hyperphosphorylated guanine nucleotides, specifically the 3=-pyrophosphate derivative of GDP (ppGpp) and the 3=-pyrophosphate derivative of GTP (pppGpp), the mixture of both being referred to as (p)ppGpp (246) . The alarmone (p)ppGpp interacts with RNA polymerase (247, 248) , thus interfering with alternative sigma factor competition for RNA polymerase and modulating promoter recognition and activity (249, 250) .
Role of RelA and the alarmone (p)ppGpp in M. tuberculosis growth restriction. In M. tuberculosis, the enzyme RelA catalyzes both an ATP:GTP 3=-pyrophosphoryltransferase reaction and a (p)ppGpp 3=-pyrophosphohydrolase reaction [ Fig. 2 illustrates the central hypothesis; i.e., a complex feedback regulatory loop involving poly(P)-dependent expression of M. tuberculosis rel and (p)ppGpp-mediated inhibition of poly(P) hydrolysis contributes to M. tuberculosis growth restriction and antibiotic tolerance] (251). The major physiological regulatory mechanism for RelA is its allosteric regulation by a complex of macromolecules consisting of the ribosome, tRNA, and mRNA, referred to as the RelAactivating complex (RAC). When uncharged tRNA binds nonenzymatically to the acceptor site of an elongating ribosome stalled at a codon on an mRNA, the ribosome-bound RelA is stimulated to synthesize (p)ppGpp, signaling that the environment is limited in amino acids. Conversely, when amino acid levels are sufficient, (p)ppGpp is degraded by the hydrolytic activity of RelA (252) .
The ability to rapidly fine-tune cellular (p)ppGpp concentra- tions in response to available nutrients or other stresses is essential for the long-term survival of M. tuberculosis under growth-limiting conditions. Inactivation of the gene Rv2583c, encoding RelA, yields a strain (⌬relA) unable to synthesize (p)ppGpp and defective in long-term survival upon nutrient starvation in vitro (246) . Consistent with a broader role for (p)ppGpp as a global regulator of M. tuberculosis growth, drug-induced inhibition of mycobacterial respiration and mycolic acid synthesis is associated with upregulation of relA (253) , and a ⌬relA mutant shows significantly impaired survival relative of the isogenic wild-type strain during extended anaerobic incubation (246) and during the chronic phase of infection in mouse lungs (254) . In addition, relA-deficient M. tuberculosis strains showed significant survival defects compared to their respective isogenic wild-type strains within a hypoxic granuloma model of LTBI (79) and in the lungs of guinea pigs (255) . Our recent studies suggest that (p)ppGpp may act as a metabolic "brake" upon exposure to growth-limiting conditions (unpublished data) (256) , suggesting that impaired survival of a ⌬relA mutant relative to the isogenic wild-type strain in relevant models likely reflects the mutant strain's futile attempt to grow in the face of adverse conditions. MprAB. Like DosR-DosS, MprAB is a two-component system of Mycobacterium tuberculosis, which is associated with the regulation of several stress-responsive regulons and is induced in response to nutrient starvation and low concentrations of sodium dodecyl sulfate (SDS) (257) . Compared to the parental strain, an M. tuberculosis ⌬mprAB mutant was found to be more resistant to SDS and grew to a greater extent in human peripheral blood monocytes (257) . In another study, an mprA-deficient M. tuberculosis mutant showed increased growth in resting murine macrophages relative to the isogenic wild-type strain but reduced long-term survival in a murine model (258) .
Disruption of mprAB has been shown to lead to upregulation of multiple stress-associated genes of the DosR, SigD, and IdeR regulons, including rpf (encoding resuscitation-promoting factor), narK2 (nitrate/nitrite transporter), pks4 (polyketide synthase), mmpL10 (fatty acid transport), and iron-responsive genes such as hisE (phosphoribosyl-ATP pyrophosphatase), mbtB and mbtD (mycobactin synthetase), fdxA (ferredoxin), and Rv2123 (PPE37) (259) . In addition, global gene expression profiling revealed that many genes of the SigE regulon (257) were downregulated in the mprAB mutant, consistent with activation of sigE by MprA. Real-time PCR and primer extension analyses confirmed that MprAB activates the sigma factor genes sigE and sigB under SDS stress and during exponential growth (225) . MprA regulates its own expression (260) and has complex interactions with the ␣-crystallin gene acr2 promoter and indirect effects on major housekeeping genes (261) .
Sigma factor network, including SigB, SigE, and SigH. Sigma () factors are a class of transcription factors that control bacterial gene expression (262) (263) (264) (265) (266) (267) . Typically, most eubacteria encode a principal and a variable number of alternate factors, which control responses to specific environmental stimuli and adaptation to stress. The temporal expression of specific regulons controlled by one or more alternate sigma factors likely allows M. tuberculosis to survive during multiple phases of TB infection. Expression of the M. tuberculosis factors H , E , and B can be triggered by either H or E (268, 269) . A growing body of literature indicates that these sigma factors are induced in response to several different in vitro conditions mimicking in vivo stresses faced by the pathogen during the various stages of infection and disease (263) (264) (265) (266) (267) 270) .
M. tuberculosis E is induced upon uptake by macrophages and upon treatment with hydrogen peroxide and SDS, leading to activation of 23 genes, including sigB, mprA, mprB, and four other transcription factor genes (257) . An M. tuberculosis sigH deletion (⌬sigH) mutant showed reduced survival and pathology in the lungs of rhesus macaques and reduced lung inflammation in mice (265, 267, 270) .
B is the minor principal sigma factor of M. tuberculosis and appears to play a key role in defense against cell envelope damage (263, 266) .
E is transcribed in either a H -or MprB-dependent manner (225, 271) .
An M. tuberculosis ⌬sigE mutant was found to have defective growth within macrophages but equivalent growth and survival in the lungs of the C3H/HeJ mice relative to the isogenic wild-type strain. Time-to-death analysis revealed that 50% of C3H/HeJ mice and all BALB/c-SCID mice infected with the ⌬sigE mutant had protracted survival relative to those infected with the wild type (272) . Global transcriptional analysis revealed that 38 genes were downregulated in the ⌬sigE mutant, including genes involved in protein translation, mycolic acid biosynthesis, transcriptional regulation, and electron transport. Conversely, the genes aceA (icl), Rv1130, and gltA1 (encoding citrate synthase 3) showed significantly increased expression in the ⌬sigE mutant relative to the wild-type strain (206, 257, 273) .
Inorganic polyphosphate. Inorganic polyphosphate [poly(P)] has been postulated to play a regulatory role in the transition to bacterial persistence. Poly(P) is a linear polymer of many tens or hundreds of inorganic phosphate (P i ) residues linked by highenergy phosphoanhydride bonds (274) . In bacteria, poly(P) is synthesized by polyphosphate kinase (PPK), which catalyzes the reversible transfer of the terminal (␥) phosphate of ATP to poly(P) (274) , and is degraded by the exopolyphosphatase PPX, which maintains a dynamic balance of poly(P) in the cell (275) . In many bacteria, the ppk and ppx genes comprise an operon, which is regulated by the two-component phosphate-response regulator PhoB (276) . Accumulation of poly(P) occurs as a result of various growth-limiting conditions, including inorganic phosphate limitation, starvation for amino acids or nitrogen, nutrient downshifts, and osmotic stress (274) .
Perhaps the best-characterized regulatory role for poly(P) is in the E. coli stringent response. Upon nutrient depletion, intracellular poly(P) levels increase up to 1,000-fold as a result of (p)ppGpp-mediated inhibition of PPX activity (275) . Poly(P) induces expression of the rpoS gene (277, 278) , which is also regulated by (p)ppGpp, and the encoded RNA polymerase sigma factor RpoS directs the transcription of Ͼ50 genes involved in cascades downshifting growth and metabolism, thereby adjusting the cell to a persistent state (278) (279) (280) . Consistent with tight regulation of poly(P) levels in bacteria, overexpression of E. coli ppk and of ppx leads to poly(P) accumulation and depletion, respectively, and, in both cases, to loss of viability (274, 280) .
Mycobacterium smegmatis deficient in ppk1 was found to be defective in poly(P) synthesis and more sensitive to surface stress, oxidative stress, and extended anaerobic incubation, confirming the importance of poly(P) in mycobacterial survival under various growth-limiting conditions (281) . During stationary phase, ppk1 expression increases in M. smegmatis (281) , suggesting that poly(P) accumulation in mycobacteria is attributable predominantly to an increase in its biosynthetic rate, unlike in the E. coli stringent response, in which poly(P) accumulates due to (p)ppGpp-mediated inhibition of PPX activity (275) . Transcription of the relA gene and synthesis of the alarmone (p)ppGpp were impaired in the ppk1 mutant of M. smegmatis and restored after complementation with Rv2984 (ppk1) of M. tuberculosis, suggesting that PPK1 is required for initiating the stringent response (281) . Furthermore, antisensing of Rv2984 in M. tuberculosis led to reduced intrabacillary poly(P) content and reduced survival in THP-1 macrophages (281) . The ppk1 knockdown strain showed marked downregulation of mprA, mprB, sigE, and relA (281), supporting the presence of a poly(P)-mediated signaling pathway in M. tuberculosis (282) .
Recently, the gene product of Rv0496/MT0516 was shown to be a PPX in M. tuberculosis (283, 284 ). An Rv0496-deficient M. tuberculosis mutant exhibited elevated intracellular levels of poly(P) and increased expression of the genes mprB, sigE, and relA relative to the isogenic wild-type strain, consistent with poly(P)-mediated signaling (283) . Deficiency of Rv0496 resulted in decelerated bacillary growth during logarithmic phase in axenic cultures, as well as phenotypic tolerance to isoniazid, directly linking for the first time poly(P) accumulation and bacterial phenotypic tolerance to cell wall-active antibiotics. The Rv0496-deficient mutant also showed a significant survival defect in activated human macrophages and reduced long-term survival in the lungs of guinea pigs.
A recent study found that another putative PPX in M. tuberculosis, Rv1026, lacks detectable exopolyphosphatase activity against short-chain poly(P) substrates and that both Rv0496 and Rv1026 have modest ATPase activities (282, 284) . As in E. coli, the exopolyphosphatase activity of Rv0496 was inhibited by pppGpp and, to a lesser extent, by ppGpp, linking poly(P) accumulation to induction of the stringent response.
Poly(P) appears to be essential for (p)ppGpp biosynthesis through the mprAB-sigE-relA signaling cascade during stationary phase in M. smegmatis (281, 285) , indicating that poly(P) acts upstream of RelA in these bacteria and not downstream, as in E. coli (286, 287) . Specifically, under growth-limiting conditions, poly(P) appears to act as a preferred phosphate donor for the two-component sensor histidine kinase MprB, which then phosphorylates the cognate response regulator MprA, facilitating transcription of the alternative RNA polymerase sigma factor sigE gene, thereby leading to increased transcription of relA and enhanced (p)ppGpp synthesis. In addition to being activated under various growth-limiting conditions, this stress response pathway also may be induced stochastically, leading to a small subpopulation of "persisters" with a competitive advantage in the eventuality of encountering adverse growth conditions (285) . It remains to be determined if pppGpp-mediated inhibition of PPX activity leads to poly(P) accumulation in M. tuberculosis through a positive feedback loop (Fig. 2) .
Control of rRNA transcription through CarD. The deletion of an essential mycobacterial protein that controls rRNA transcription, CarD, leads to inability of the bacteria to grow in mice (288) . CarD depletion leads to sensitivity to killing by oxidative stress, starvation, and DNA damage, accompanied by failure to reduce rRNA transcription. CarD can functionally replace DksA for stringent control of rRNA transcription, even though CarD associates with a different site on RNA polymerase. These findings highlight a distinct molecular mechanism for regulating rRNA transcription in mycobacteria that is critical for M. tuberculosis pathogenesis. RelA, in concert with CarD, mediates the downregulation of rRNA synthesis and ribosomal protein genes during starvation.
PhoY2. Inactivation of E. coli PhoU, a negative regulator of the phosphate-specific transport (pst) operon involved in inorganic phosphate uptake, leads to reduced numbers of persistent bacteria and increased susceptibility to various antibiotics and stress conditions, including acid pH and nutrient starvation (289) . Interestingly, the E. coli phoU-deficient mutant expressed high levels of genes involved in energy production and metabolism, efflux/ transport, and flagellum and chemotaxis synthesis, suggesting that PhoU is a global repressor of cellular metabolism and that its inactivation leads to a hyperactive metabolic state, in which the bacteria become more susceptible to killing by antibiotics and other stresses. The homologous regulator PhoY2 (Rv0821c) appears to serve a similar function in M. tuberculosis (290) . Thus, a phoY2-deficient mutant of M. tuberculosis showed increased susceptibility to rifampin and pyrazinamide by MIC testing and drug exposure assays in vitro, as well as a 10-to 30-fold decrease in the bacillary burden in lungs and spleens of mutant-infected mice compared with mice infected with the isogenic wild-type strain at 8 weeks after infection. Although PhoY2 is annotated as a transcriptional regulatory protein involved in phosphate transport, its precise role and regulatory mechanisms remain to be defined in M. tuberculosis.
Toxin-Antitoxin Modules
Toxin-antitoxin (TA) modules in M. tuberculosis may contribute to the establishment and maintenance of persistence and latent infection by regulating the synthesis of various macromolecules. There are 8 major families of TA modules: CcdBA, HigBA, HipBA, MazEF, ParDE, RelBE, VapBC, and Doc/PhD (291) . A recent study revealed that 88 putative TA system candidates are present in M. tuberculosis, considerably more than in any other intracellular pathogen, potentially allowing bacilli to respond and adapt to the various stresses encountered during infection and rendering the bacilli refractory to antibiotics until conditions for growth are more favorable (292) . Specifically, the toxins of the largest family of TA systems, VapBC, act by inhibiting translation via mRNA cleavage (293) . Expression of these genes is differentially regulated in M. tuberculosis during stresses such as hypoxia and infection of macrophages and in vivo (294, 295) . Furthermore, these systems are required for M. tuberculosis survival during chronic infection in mice and for the development of antibiotic tolerance in vitro (292) .
In vitro transcriptome analysis of M. tuberculosis persisters surviving treatment with D-cycloserine showed overexpression of 10 TA modules, including Rv0549c/Rv0550c, Rv2021c/Rv2022c, Rv1989c/Rv1990c, Rv2865/Rv2866, Rv0918/Rv0919, Rv3180c/ Rv3181c, Rv1955/Rv1956, Rv3188/Rv3189, and Rv2034/Rv2035 (296) . Both the toxin and the antitoxin of Rv1989c/Rv1990c, Rv2865/Rv2866, and Rv2021c/Rv2022c were also upregulated in the enduring hypoxic response.
trans-Translation: a Mechanism of Action of Pyrazinamide
Pyrazinamide is a key component in successful first-line "shortcourse chemotherapy" of tuberculosis, with significant sterilizing activity against nonreplicating bacilli within an acidic environment in the host. In addition, the potent sterilizing activity of this drug, in combination with rifampin, is able to eradicate LTBI in humans in 2 months, although this regimen is no longer recommended due to concerns of hepatotoxicity in immunocompetent persons (3, 297) . A recent study by Shi et al. elucidated a novel mechanism of action of pyrazinamide through inhibition of M. tuberculosis trans-translation (298) . trans-Translation is essential for freeing scarce ribosomes in nonreplicating organisms, and its inhibition may explain the ability of pyrazinamide to eradicate dormant tubercle bacilli. A mycobacterial ribosomal protein called RpsA, which binds the dual-purpose bacterial transfermRNA (tmRNA), was identified by its ability to bind to the active form of pyrazinamide. Subsequently, a rare pyrazinamide-resistant isolate was isolated, which lacked an alanine at the C terminus of RpsA and consequently did not bind tmRNA. This binding activity is important for the survival of persisters, since tmRNA is required not only for protein synthesis but also for rescuing ribosomes that have become blocked in translation because of stressinduced damage, such as drug exposure. Elucidation of this mode of action may open a novel avenue for development of new TB drugs specifically targeting persistent bacilli (299, 300) . The extent to which trans-translation contributes to bacillary survival during LTBI merits further study.
Mycobacterial Lipids and Biofilm Formation
The long-term survival of M. tuberculosis against host immune responses and antibiotics bears a striking resemblance to chronic infections involving biofilm-forming pathogens. Ojha et al. observed the in vitro formation of drug-tolerant M. tuberculosis biofilms containing a lipid-rich extracellular matrix rich in free methoxy mycolic acids (301) . Development of such biofilms is dependent on the availability of certain nutrients, including zinc and iron, as well as the M. tuberculosis putative acyl-CoA synthase Rv1013 and GroEL1 (301) , which modulates synthesis of mycolic acids specifically during mycobacterial biofilm formation (302) .
Historically, M. tuberculosis was grown as a pellicle, a biofilmlike structure, at the liquid-air interface in a variety of synthetic media. A recent study by Sambandan et al. demonstrated that keto-mycolic acids are essential for mycobacterial organization into a pellicle and that growth within the pellicle confers drug tolerance to otherwise drug-susceptible bacilli (303) . Intriguingly, an acellular rim surrounding the central necrosis of guinea pig primary lung granulomas was found to harbor drug-tolerant bacilli, raising the possibility of biofilms contributing to the in vivo phenomena of latency and persistence (85) . However, it remains unclear whether tubercle bacilli form true biofilms in the human host and whether they have a role in LTBI.
Antimicrobial Efflux Pumps and Drug Tolerance
Challenging the dogma that antibiotic tolerance in LTBI reflects a population of nonreplicating or slowly replicating bacilli with reduced metabolism, recent work has focused on the role of mycobacterial efflux pumps. The M. tuberculosis genome contains many genes encoding putative drug efflux pumps, which may play a role in extruding antituberculous drugs during the course of treatment (304) . Specifically, the M. tuberculosis isoniazid-inducible protein Rv0342/IniA, which functions through an MDR pump-like mechanism, confers drug tolerance to isoniazid and ethambutol, which is reversed by the pump inhibitor reserpine. Similarly, induction of the macrophage-induced efflux pump Rv1258c confers M. tuberculosis drug tolerance primarily to rifampin, which is reduced by the efflux pump verapamil. Interestingly, the addition of verapamil to the standard anti-TB regimen accelerates bacillary clearance in C3HeB/FeJ mice and significantly lowers relapse rates following 4 months of treatment compared with the case for mice receiving standard therapy alone (305) . Recently, semisynthetic analogs of the protein synthesis inhibitor spectinomycin were found to have potent activity against drugsusceptible and drug-resistant M. tuberculosis, at least in part due to chemical modification, which allows the drugs to evade the Rv1258c efflux pump (306) .
Certain metabolites, such as mannitol, generate a proton motive force, which facilitates uptake of aminoglycosides and enhances killing of Gram-negative and Gram-positive persisters in biofilms (307) . The ability of such metabolites and efflux pump inhibitors to potentiate the activity of current LTBI regimens remains to be determined.
Reactivation of LTBI
Active TB can occur soon after initial exposure and infection (i.e., primary disease) or after a period of LTBI (reactivation disease). Although reactivation TB cannot be differentiated from primary disease on clinical or laboratory grounds, epidemiological studies have demonstrated that the majority of active TB cases in the United States and other countries with low TB prevalence occur as a result of reactivation of latent infection. The goal of LTBI treatment is to prevent reactivation, and this is especially recommended for persons who are at increased risk for progression from LTBI to disease (308) . Persons at increased risk of reactivation of LTBI include those with HIV/AIDS, those receiving immunosuppressive treatment, including cancer chemotherapy, systemic steroids, and anti-TNF agents, and those with chronic systemic diseases, such as end-stage renal disease, rheumatic disorders, and diabetes mellitus (309) .
Resuscitation-promoting factors. Early studies observed that the addition of supernatant from "spent" (early-stationary-phase) cultures of M. tuberculosis H37Ra, containing an acid-labile and heat-stable "resuscitation factor," enhanced the viability of aged cultures and aided the growth of small inocula in liquid culture (310) . Resuscitation-promoting factors (Rpfs) are the first examples of mycobacterial proteins found to be associated with reactivation of chronic infection (311) . The M. tuberculosis genome contains five Rpf-encoding genes, rpfA to -E. Rpfs have been shown to stimulate regrowth of nonreplicating cells in vitro (312) and to promote in vivo survival of bacilli in mice (313) . The addition of Micrococcus luteus culture supernatant containing putative Rpfs significantly increased the speed with which M. tuberculosis was isolated from processed sputum samples (314) . More recently, mycobacterial Rpf stimulation was found to enhance the cultivability of Ͼ80% of bacilli from 20 clinical sputum samples prior to the initiation of TB chemotherapy, and the proportion of Rpf-dependent organisms increased relative to the surviving colony-forming population during treatment (315) . Site-directed mutagenesis studies have revealed that Rpf enzyme activity is indispensable for the resuscitation and growth-stimulatory effects of these proteins (316) .
Deletion of rpfB (Rv1009) and various combinations of deletions in 3 of the 5 rpfA to -E genes yields M. tuberculosis strains that are unable to grow or divide under stressful conditions in vitro and in vivo (313, 317) . RpfB and RpfE are lytic transglycosylases, which interact with Rpf-interacting protein (RipA), a peptidoglycan endopeptidase (318) . RpfB and RipA appear to form a complex at the septa of dividing bacteria, and ripA depletion results in significantly reduced mycobacterial growth, formation of long, branched chains, and increased susceptibility to the cell wall-targeting beta-lactams (319) .
Immunomodulation or vaccination in LTBI. The M. bovis BCG vaccine has limited efficacy in protecting against reactivation of LTBI (320-322). DNA vaccines have shown promise in their ability to enhance the activity of antibiotic treatment and reduce reactivation of LTBI and transmission (323) (324) (325) . Adjunctive immunotherapy with a DNA vaccine containing the LTBI marker ␣-crystallin (233, (328) (329) (330) reduces the duration of antibiotic treatment in chronically infected mice (331) . Similarly, RUTI, a therapeutic vaccine comprising detoxified, fragmented M. tuberculosis cells delivered in liposomes, also has been shown to enhance the effect of short-course chemotherapy in animal models (326) and is currently being evaluated in clinical trials (327) .
CONCLUSIONS AND UNANSWERED QUESTIONS
Progress in our understanding of LTBI has been impeded by the difficulty in obtaining relevant host tissue and microbiological samples from persons with LTBI, as well as the inadequacy of current imaging modalities. In turn, our poor understanding of human LTBI has made difficult the development and validation of clinically relevant research models. There is an urgent need for the establishment of well-characterized biobanks containing biospecimens from latently infected patients before and after reactivation and from those individuals who have had adequate follow-up to establish a long-term treatment outcome (332) .
Based on human pathology data and emerging data from nonhuman primates, LTBI appears to represent a spectrum of microbiological and pathological states in which the organisms are viable but fail to produce respiratory or constitutional symptoms.
The extremely low yield of acid-fast staining and culture of sputum and other tissue samples from latently infected individuals suggests that the infection is paucibacillary in nature. Further supporting this hypothesis, isoniazid preventive therapy generally does not lead to the emergence of isoniazid resistance, suggesting that the number of organisms is below the spontaneous mutation frequency for the drug (ϳ10 Ϫ5 ). The antibiotic tolerance observed in LTBI, but also the differential susceptibility of bacilli to drugs with various mechanisms of action, suggests that at least some bacilli have slowed growth and/or metabolism. On the other hand, the eventual, albeit delayed, efficacy of isoniazid, which appears to target only actively replicating bacilli, suggests that these organisms sporadically multiply over the course of 6 to 9 months or that the drug is effective in killing at least those organisms responsible for clinical relapse. The detection of viable bacilli in normal-appearing lung tissue of latently infected individuals dispels the notion that necrotic granulomas are a sine qua non of LTBI, although such lesions may be sufficient for controlling TB infection. These observations have important implications for the development of novel experimental models which can further enhance our understanding of LTBI.
Abundant clinical and animal model data have underscored the importance of adaptive immunity, particularly CD4 T cells, for controlling TB infection. Likewise, the proinflammatory cytokines TNF-␣ and IFN-␥ are clearly required for host control of M. tuberculosis growth. Many studies have highlighted the importance of various adaptive mechanisms in promoting the longterm survival of M. tuberculosis in host tissues, including the stringent response and a switch to utilization of fatty acids as a source of carbon and energy through the glyoxylate shunt.
Nevertheless, many unanswered questions remain. Clearly, the
FIG 3
Flowchart of a systems biology-based approach to studying latent TB infection and reactivation. Using an integrated, multidisciplinary approach, including the use of several novel animal models of LTBI in combination with transcriptional, proteomic, genetic, imaging, and computational techniques, researchers can begin to identify host cytokine networks responsible for immunological control of M. tuberculosis (Mtb) growth, as well as M. tuberculosis regulatory and metabolic pathways required for bacillary growth restriction and reactivation. Computational predictions of redundant host and M. tuberculosis molecular pathways required for LTBI and reactivation across experimental models can be tested directly by dual inhibition of host cytokine pathways and by generation of M. tuberculosis double knockouts. Finally, the biological relevance of the computational and experimental findings may be verified using plasma and peripheral blood mononuclear cell samples collected serially from latently infected persons before and after TB reactivation.
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Dutta and Karakousis immunological mechanisms responsible for establishment and maintenance of LTBI require further investigation, as HIV-seropositive patients remain at increased risk for TB reactivation despite relatively high CD4 T cell counts, and a significant number of latently infected individuals who develop reactivation disease have no known immunological defect. In particular, the role of regulatory T cells in predisposing to reactivation of is an exciting area of current research. From the perspective of the organism, it is still unknown whether antibiotic tolerance is due to host immune pressure or reflects a stochastic phenomenon in any given bacterial population, or perhaps both. An important scientific question is whether multiple external stimuli can be transduced through a common regulatory pathway to trigger bacterial growth arrest and antibiotic tolerance. Identification of such a "master regulator" or "dormancy switch" could have important implications for the development of new strategies to combat LTBI. Thus, inhibition of such pathways may "awaken" nonreplicating, metabolically quiescent bacilli, rendering them more susceptible to killing by currently available bactericidal drugs. Finally, the role of efflux pumps in promoting antibiotic tolerance during LTBI deserves further exploration. Animal and clinical studies in which efflux pump inhibitors are given together with standard LTBI regimens are being planned to determine if these combinations accelerate the eradication of LTBI.
It is hoped that improved imaging techniques and their greater accessibility in areas where TB is endemic will help identify the potential site(s) of LTBI and reactivation. Such approaches could address the question of whether reactivation occurs exclusively at necrotic granulomas in the lungs, with subsequent spread to other organs, or whether reactivation disease can also occur spontaneously at extrapulmonary sites.
It is readily apparent that no single host or mycobacterial pathway is responsible for LTBI and reactivation. Rather, these complex phenomena are attributable to multiple interdependent host and mycobacterial molecular networks, which cannot be deduced from any one particular model. We believe that further advances in the field will require innovative, multidisciplinary approaches involving genetic, transcriptional, proteomic, metabolomic, lipidomic, imaging, and computational techniques (333) in order to identify host cytokine networks responsible for immunological control of M. tuberculosis growth, as well as M. tuberculosis regulatory and metabolic pathways required for bacillary growth restriction and/or antibiotic tolerance and reactivation. Ultimately, findings from experimental models must be validated in clinical studies. Figure 3 shows a flowchart of the research strategy we have adopted to address these complex questions.
In addition to elucidating novel drug targets for LTBI treatment, an improved understanding of the molecular correlates of LTBI and reactivation disease could lead to the identification of biomarkers which can differentiate those latently infected individuals who are at highest risk of reactivation and, therefore, would benefit most from LTBI treatment. Identification and successful treatment of persons with LTBI at risk for reactivation are important components of global TB elimination efforts.
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